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Abstract

Many chronic inflammatory diseases can be improved by helminth infection, but the mechanisms
are poorly understood. Allergy and helminthiasis are both associated with Th2-like immune
responses; thus, defining how infection with parasites leads to reduced allergy has been
particularly challenging. We sought to better understand this conundrum by evaluating host-
parasite interactions involved in Th2 immunity in human schistosomiasis. Immune cells were
cultured with schistosomes and the effect on CD23, an IgE receptor associated with resistance in
schistosomiasis, was evaluated. Cells treated with schistosomes demonstrated reduced surface
CD23 levels with a parallel accumulation of soluble (s) CD23 suggesting this IgE receptor is
proteolytically cleaved by the parasite. Consistent with this hypothesis, a schistosome-generated
(SG)-sCD23 fragment of 15kDa was identified. SG-sCD23 inhibited IgE from binding to CD23
and FceRl, but lacked the ability to bind CD21. These results suggested that schistosomes target
IgE-mediated immunity in immuno-evasive tactics. Based on its characteristics, we predicted that
SG-sCD23 would function as an efficacious allergy preventative. Treatment of human FceRI-
transgenic mice with recombinant (r) SG-sCD23 reduced the ability of human IgE to induce an
acute allergic response /n1 vivo. In addition, an optimized form of rSG-sCD23 with an introduced
point mutation at Asp258 (D258E) to stabilize IgE binding had increased efficacy compared to
native rSG-sCD23. Schistosome infection may thus inhibit allergic-like protective immune
responses by increasing soluble IgE decoy receptors. Allergy treatments based on this naturally
occurring phenomenon may be highly effective and have fewer side effects with long-term use.
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1.0 Introduction

Helminth infections are highly prevalent and cause significant morbidity worldwide (1).
Paradoxically, parasitic worm infections have been shown to protect against the development
of many chronic diseases in animal models, including inflammatory bowel disease, diabetes,
and allergy, but the mechanisms are unclear (2). The effects of helminthiasis on allergy are
particularly curious as both diseases are associated with a Th2-polarized immune response
(3). Furthermore, the Th2 response is much more intense in helminth disease, though a
higher concentration of parasite-specific IgE has not been shown to dilute functional
allergen-specific IgE /n vitro (4). These observations raise the question of how worms might
play a role in reducing allergic responses in vivo. In this vein, it has been postulated that
chronic helminth infection may dampen global Th2 immune responses through immuno-
regulatory processes that allow for parasitism (5). However, this idea is in conflict with
multiple published observations that demonstrate people infected with parasitic worms
exhibit extremely high levels of IgE and circulating eosinophils— much higher than that
reported in allergy, indicating that this issue is highly complex (6-11).

IgE is thought to have an important role in protective immunity to parasitic schistosomes in
humans, but the functionality is not clear (12, 13). The human immune system has numerous
IgE receptor-bearing cells suggesting that IgE has multiple functions in schistosomiasis (14).
Effector functions of IgE have been demonstrated and include increasing the larvacidal
activity of granulocytes (15). We previously reported that an increase in circulating FceRI1/
CD23* B cells was associated with the development of resistance in schistosome hyper-
exposed populations from Kenya (16). Our findings suggested that CD23+ B cells may
utilize surface bound IgE to capture and shuttle antigens from the bloodstream to the splenic
follicles to augment immune responses (17, 18). Thus, IgE likely has diverse and unexpected
roles in human immunity that remain to be defined.

CD23 has a broad cellular distribution in humans and is expressed by monocytes, resting
eosinophils, and follicular dendritic cells in addition to B cells (19). CD23 is a type Il
integral membrane protein with a calcium-dependent lectin domain that binds IgE (20). A
leucine zipper in the N- terminal stalk region allows CD23 molecules to form homo-trimers,
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which increase the affinity for IgE to the same level as the high affinity IgE receptor, FceRI
(20). CD23 also contains a CD21-binding C-terminal tail on the lectin head that amplifies
certain functions, particularly inflammatory cytokine production and augmentation of
antibody production (21). Cleavage of cell surface CD23 occurs in the N-terminal stalk by
ADAM10 and other proteases to generate multiple soluble (s) forms of CD23 (22). Soluble
fragments that are 29-, 33- and 37-kDa retain the ability to homo-trimerize and bind both
IgE and CD21 (23). Smaller sCD23 fragments, 17- and 25- kDa, bind IgE and CD21 and are
released from the cleavage of larger soluble molecules by several host and microbial
proteases. For example, neutrophils secrete an elastase, which cleaves the 37kDa fragment
into the 25kDa sCD23 fragment, which can be visualized in the serum (24). These smaller
fragments lack the stalk region and generally exist as monomers.

The effects of sSCD23 on the immune system depend upon whether the fragment is an
oligomer, large or small fragment, and to which ligand it binds (CD23-bound IgE, B cell
receptor (BCR)e, CD21) (25-27). Larger, trimeric fragments have high affinity for BCRe
and stimulate IgE secretion by memory e+B cells (25). The 25-29 kDa fragments of sCD23
have been shown to promote differentiation of germinal center B cells and secretion of TNF-
a through ligation of CD21 (20, 28, 29). In contrast, the smaller 17kDa polypeptide may
compete with larger fragments to reduce IgE production and has direct anti-inflammatory
effects (20, 23).

In this report, we describe a potential mechanism by which Schistosoma mansoni targets
CD23 and IgE in immuno-evasive tactics. Schistosomes induce the release of a small, 15kDa
isoform of sCD23 that both reduces the cell surface levels of the receptor and results in a
soluble decoy receptor for IgE. These results suggest that schistosome infection may
diminish protective immunity and by proxy, allergic responses, by regulating effector
functions of IgE. We therefore developed the schistosome-generated (SG) sCD23 fragment
into a potentially effective allergy treatment to regulate IgE in a physiologically relevant
manner.

2.0 Materials and Methods

2.1 Study area and helminth-infected population

This study was approved by the Institutional Review Board of Boston University (BU IRB),
the Scientific Steering Committee of the Kenya Medical Research Institute (KEMRI), and
the National Ethics Review Committee of Kenya. A portion of the study was conducted
along the shores of Lake Victoria in western Kenya with adult males (aged 18-38) exposed
to infectious cercariae working as car washers (17=23) described in detail elsewhere (30).
Upon informed consent, peripheral blood was drawn into heparinized tubes for the assays
outlined below.

Levels of resistance to reinfection are presented as the Index of Susceptibility/Resistance
(10S/R) and indicate the current history of resistance and exposure for each individual:
(number of times reinfected) x 100 / (amount of time followed [weeks]) x (mean number of
cars washed per week [exposure]) = 10S/R (6).
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S. mansoni is the primary schistosome species to infect humans in the region. Stool samples
were examined for Schistosoma mansoni eggs and other helminth ova by the modified Kato-
Katz method (Vestergaard Frandsen; 2 slides each, 3 stool specimens obtained over several
days). Subjects positive for S. mansoni were treated with 40 mg/kg Praziquantel (PZQ);
those positive for other helminth ova were treated with 400 mg of albendazole.

2.2 Flow cytometry on whole blood samples

B cells in fresh whole blood were evaluated for levels of surface CD23 by incubating 100 pl
of heparinized blood with fluorescently labeled antibodies (anti-CD19; anti-CD23; BD
Pharmingen, San Jose, CA) at 4°C for 30 min. Red blood cells were lysed with 2 ml of
FACS lysing buffer® (BD Pharmingen) and the remaining leukocytes were washed and
subjected to flow cytometic analyses. Assessment of surface expression on B cells was
performed with gates generated with anti-CD19 and the appropriate isotype controls for
each sample.

2.3 Parasites and parasite antigens

Biomphalaria glabrata snails infected with S. mansoniwere supplied by Dr. Fred Lewis of
the NIH-NIAID Schistosomiasis Resource Center (Rockville, MD). Cercariae were shed
from snails under a bright light for two hours and transformed into schistosomulae. Briefly,
cercariae were vortexed to shear tails followed by Percoll density gradient to separate the tail
from the schistosomulae. Efficiency of the assay yielded about 80% of the larvae lacking
tails. Schistosomulae were adapted to a modified serum-free Basch culture media containing
5% Lipid Concentrate (Gibco) in place of fetal bovine serum to eliminate exogenous serum
proteins in media, such as bovine sCD23 and proteases (31). Worms were viable for
approximately four days in this media. Excretory/secretory proteins (E/S) were collected
from worm cultures after 24 hours and 3 days of incubation. Worms were harvested and
homogenized in PBS after 24 hours in culture to collect somatic antigens. The crude somatic
antigen mix was applied to 0.2uM syringe filters and the protein concentrations were
quantified with the BCA Protein Assay (Fisher Scientific). S. mansoniegg antigen (SEA)
were generous gifts from Drs. Edward Pearce (Washington University, St. Louis, MO) and
W. Evan Secor (Centers for Disease Control and Prevention, Atlanta, GA). S. mansoni adult
worm preparation (SWAP) was a generous gift from Dr. Secor.

2.4 Human cells

Leukopacks containing concentrated leukocytes from 500 ml of peripheral blood from
unexposed/uninfected subjects (17 =16) were purchased from NY Biologics, Inc (NY, NY.)
Fresh, surgically discarded tonsils (7=10) and spleen (/7=1) were purchased from the
National Disease Research Institute (Philadelphia, PA). Leukocytes were isolated from
lymphoid tissues by mincing in cold RPMI 1640 followed by gentle homogenization using
the Closed Tissue Grinder System (Fisher Scientific, Houston, TX.) The homogenate was
passed over a 70 uM cell strainer (Falcon) to obtain a single-cell suspension. Mononuclear
cells were isolated by Ficoll density gradient (Histopaque; Sigma Aldrich). Tonsil
mononuclear cells are a mix of approximately 60% B cells, 20% T cells and 10%
macrophages. Blood and splenic mononuclear cells contain 10% B cells, 60% T cells and
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20% monocytes. B cells were isolated from mononuclear cells by magnetic bead (negative)
isolation kits (Miltenyi, Gladbach, Germany or Invitrogen, San Diego, CA).

The CD23+ Ramos B cell line and the THP-1 monocytic cell line were purchased from
ATCC (Manassas, VA). Cells were cultured in 10% fetal bovine serum in RPMI 1640
supplemented with 2 mM L-glutamine and 1mM penicillin/streptomycin (Invitrogen.) CD23
was upregulated by B cells after activation with IL-4 (10 ng/ml; eBioscience) or stimulatory
anti-CD40 (2 pg/ml; R&D Systems; Minneapolis, MN) for 18 hours and confirmed with
anti-CD23 PE (BD Pharmingen). FceRI a was upregulated on THP-1 monocytes after
incubation with IL-10 (10 ng/ml; eBioscience) for 18 hours and confirmed with anti-FceRla
FITC (eBioscience; see Fig. 3A).

2.5 Host-parasite interactions

To determine the effect of S. mansonion CD23 levels, mixed mononuclear cells, purified B
cells, or immortalized cell lines were treated with schistosomula E/S (1:1 E/S to cell culture
media) or 2 pg/ml of schistosomula crude somatic antigens, SEA, or SWAP from 5 minutes
to 48 hours. Live worms were cultured with human cells at concentrations of one to 20
worms to 1 million cells in the modified Basch media and both cells and worms remained
viable for up to four days. Protease inhibitors including, leupeptin, CA-074, and cathepsin L
inhibitor, were used in cultures at 5 ug/ml (Calbiochem-EMD Millipore, Billerica, MA).

Recombinant (r) calpain/Sm-p80 and hyper-immune mouse sera to Sm-p80 were generated
as previously described (32, 33). To block schistosomal calpain activity, cultures were
treated with heat-inactivated hyper-immune anti-Sm-p80 serum. Following treatment,
leukocytes were evaluated for surface levels of CD23 by flow cytometry (anti-CD23 PE) and
cell-free supernatants were collected and stored at —20°C until evaluated.

Total sCD23 concentration was measured in serum and supernatants by ELISA (R&D
Systems.) sCD23 fragments in serum and supernatants were evaluated by Western blot
(antibodies from R&D Systems.) To better visualize small sCD23 fragments in serum, 1gG
and albumin were removed with ProteoPrep Blue Albumin & IgG Depletion Kit (Sigma, St.
Louis, MO.) Larger sCD23 fragments were visualized on 8% or 10% acrylamide gels.
Smaller fragments were visualized on 15% acrylamide gels. Densitometry of proteins on
films was performed with ImageJ. sCD21 was measured in supernatants by ELISA (R&D
Systems.)

2.6 Measurement of schistosomal calpain and calpain-specific IgG

Mouse anti-Sm-p80 was used to identify schistosomal calpain in serum from human subjects
and from /n vitro-generated schistosomulae by Western blot. To measure serum anti-Sm-p80
IgG, ELISA plates were coated with 5 pg/ml of rSm-p80 in PBS overnight at 4°C. The
following day, plates were washed and blocked with 1% bovine serum albumin (BSA;
Sigma) in PBS. Serum was applied at a dilution of 1:100 and incubated for two hours at
room temperature. Bound IgG was measured with goat anti-human 1gG (1:10,000; Southern
Biotech).
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2.7 Production of recombinant SG-CD23

Recombinant full-length sCD23 was purchased from R&D systems. Schistosome-generated
(SG)-sCD23 and modified SG-sCD23 were cloned and expressed in £. coliby Genscript
(Piscataway, NJ.) The following sequence was used to express rSG-sCD23 and assumed the
native sequence with the presence of the lectin head and reduction of the C-terminal CD21-
binding tail: 156-SGFVC NTCPEKWINF QRKCYYFGKG TKQWVHARYA
CDDMEGQLVS IHSPEEQDFL TKHASHTGSW IGLRNLDLKG EFIWVDGSHV
DYSNWAPGEP TSRSQGEDCV MMRGSGRWND AFCDRKLGAW VCDRLATCTP PA -
292 C TERMINUS.

The following sequence was used to generate modified SG-sCD23 (herein rSG-sCD23-A/G)
by exchanging residue 258, an aspartic acid (D), for glutamic acid (E; bold and underlined):
156-SGFVC NTCPEKWINF QRKCYYFGKG TKQWVHARYA CDDMEGQLVS
IHSPEEQDFL TKHASHTGSW IGLRNLDLKG EFIWVDGSHV DY SNWAPGEP
TSRSQGEECV MMRGSGRWND AFCDRKLGAW VCDRLATCTP PA -192 C
TERMINUS. rSG-sCD23 molecules contained a HIS-tag for purification. SDS-PAGE (not
shown) and Western blot was used to validate the expressed SG-sCD23 (see Fig. 6A). Purity
of rSG-sCD23 was about 75%.

To increase the /in vivo half-life of SG-sCD23-A/G, we created a SG-sCD23-A/G-1gG4
fusion protein. The mutated sCD23 (A/G) was cloned into the vector pcDNA3.3 containing
the sequence for human IgG4 light chain Fc and expressed in HEK 293 cells (Iridium
Biosciences, Walpole, MA). The fusion protein was purified using a Protein A column by
Iridium Biosciences with ~85% purity (see Fig. 6D.)

2.8 IgE binding assay

CD23+ tonsil mononuclear cells and Ramos B cells and FceRI+ THP-1 cells were subjected
to an IgE-binding assay to load IgE receptors with exogenous IgE (Diatec Monoclonals;
Olso, Norway). 1 million CD23+ cells were rotated in Tris-buffered saline (TBS) buffer
containing 2 mM CaCl, with 20 pg of IgE at 4°C. IgE binding to FceRI1+ THP-1 cells was
performed similarly, but in PBS. Following rotation, cells were washed and surface IgE was
measured by flow cytometry (anti-IgE PE; BD Pharmingen). To test if SG-sCD23
functioned as an IgE decoy, IgE binding assays were performed with one of the following:
50 ul of cell supernatants from cells treated with SEA or supernatants from untreated cells in
250 pl total volume, 2 ug/ml of SEA alone, or 10 pg/ml of one of the following: rSG-sCD23,
rSG-sCD23-A/G, rSG-sCD23-A/G-1gG4, or Omalizumab (Xolair; Genentech)(34). IgE-
bound cells were also utilized in host-parasite interactions assays described above to
measure the effect of schistosome antigens on cell surface levels of CD23.

To test if SG-sCD23 was able to bind CD21, supernatants from schistosome-treated Ramos
B cells (which contain an increased concentration of intermediate sized sSCD23 fragments;
See Fig. 2A rightmost) were treated with soluble sCD21 (XpressBio; Thurmont, MD) for
two hours rotating in PBS at 4°C. The supernatants were subjected to a 15% acrylamide
SDS-PAGE and evaluated by Western blot using anti-CD21-biotin (R&D Systems) to probe
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for bound sCD21 followed by stripping and re-probing for sCD23 (anti-CD23; R&D
Systems.)

2.9 Induction of allergy in FceRla-transgenic mice

Mice transgenic for the human FceRI a chain B6.CgFcerla<tm1Knt>Tg (FCER1A)1Bhk/J
were purchased from Jackson Laboratories (Bar Harbor, ME)(35). Mice were cared by the
accredited Laboratory Animal Care Facility (LASC) at BU. Expression of human FceRI on
murine immune cells was validated with anti-human FceRI (eBioscience; see Fig. 7A). To
induce acute allergy, mice were injected intraperitoneally with 40 ug of human IgE
(unknown specificity; Diatec Monoclonals) in 200 ul of PBS. Twenty-four to 48 hours later,
mice were treated with 20 pg of anti-IgE (Sigma) in 200 pl of PBS to cross-link cell-bound
IgE to induce an acute allergic response.

Baseline scratching and general activity were recorded for 10 minutes prior to injection with
anti-IgE by an observer blind to the assigned groups (35). Following injection with anti-IgE,
the allergic response generally had an onset of 10 minutes and was graded on a scale of 1-5
for 20 minutes or 50 observations per mouse. A score of 1 indicated no change in scratching
frequency above baseline; a score of 2 indicated a mild increase in the frequency and
intensity of scratching above baseline and scratching in the facial area, a score of 3 specified
a moderate increase in the frequency and intensity of scratching above baseline, a score of 4
was characterized by intense scratching and self-biting with higher frequency and earlier
onset, elevated respiration, and increased duration of the allergic response, and a score of 5
indicated anaphylactic shock and death.

The dosage of IgE and anti-IgE in our protocol largely induced an allergic response with an
intensity of 3—4 that lasted about 20 minutes. All mice recovered from the acute allergic
response. However, in some experiments, mice were necropsied 10 minutes following anti-
IgE injection to measure histamine in the serum by ELISA (GenWay; San Diego, CA).

To prevent allergy, mice were given 20 pug of one of the following: SG-sCD23, SG-sCD23-
AJG, SG-sCD23-A/G-1gG4, or Omalizumab/Xolair in 200 ul of PBS, or 200 ul PBS alone,
at the same time as the IgE on day 0, but as a separate injection.

2.9 Basophil activation

To test the effect of IgE-binding proteins on basophil degranulation, whole blood from the
leukopacks (NY Biologics, Inc) was diluted 1:3 in cell culture media and acclimated to 37°C
for 2 hours. To induce histamine release, cultures were treated with 10 pg of anti-IgE
(Sigma) +/-10 pg of one of the following added at the same time: SG-sCD23, SG-sCD23-
AJG, SG-sCD23-A/G-1gG4, or Omalizumab/Xolair for 20 minutes. Supernatants were
evaluated for histamine concentrations by ELISA as above.

2.10 Statistical analyses

Statistical analyses were performed using GraphPad Prism (GraphPad Software). A one-way
analysis of variance with Dunn’s post-test and the Mann-Whitney U test were used for
multiple- or single-group comparisons, respectively. Possible correlations were examined
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using Spearman’s rank correlation test. Group sample sizes differ among the tests for human
subjects because some samples were unavailable.

3.0 Results

3.1 Schistosomes reduce surface CD23 on B cells and monocytes

CD23 expression by B cells is associated with resistance to schistosomiasis (16, 36). We
recently reported that schistosome antigens did not alter the surface level of CD23 on B cells
(18), but these experiments did not test whether there were changes to the soluble form of
CD23. We thus measured levels of SCD23 in cell-free supernatants following treatment of B
cells with schistosome antigens and found a modest increase (Fig. 1A). As sCD23 is
normally generated from proteolytic reduction of cell surface CD23, we hypothesized that
schistosomes might cleave CD23.

To test this possibility, purified tonsil B cells were pre-treated with IL-4 to increase the
production of nascent surface CD23 (Fig. 1B). Twenty-four hours later, IL-4-treated B cells
were incubated with schistosome antigens for an additional 18 hours. In the presence of
SWAP, sCD23 levels increased to levels above IL-4 treatment alone (Fig. 1A). In addition,
we noted a reduction of surface CD23 by SWAP on IL-4-treated B cells (Fig. 1B). Reduced
surface levels of CD23 were evident as early as 45 minutes post-exposure in the presence of
live schistosomulae at ratios of 10 worms/1 million cells or higher (Fig. 1C). Crude egg
(SEA), schistosomular somatic antigens, and schistosomular E/S had similar effects on the
levels of surface and sCD23 illustrating that all three mammalian life stages may promote
the release of SCD23 (Fig. 1B-D). In contrast, schistosomes did not appear to have an effect
on cell surface CD21 (Fig. 1E) or on levels of sSCD21 (not shown)(26).

We next sought to reconcile our previously published findings demonstrating that
schistosome antigens do not affect surface levels of CD23, including those on circulating B
cells from schistosome hyper-exposed Kenyans (18). We hypothesized that this would be
explained by the observation that peripheral blood CD23+ B cells are pre-loaded with bound
IgE, which might block cleavage sites (17). To test this, nascent CD23 was upregulated on
tonsillar and splenic B cells with IL-4 and B cells were then loaded with exogenous IgE at
4°C. CD23-bound IgE on B cells is stable in culture for up to three days (17). Fig. 1F shows
that B cells bound by IgE retained their surface levels of CD23 in the presence of
schistosome antigens suggesting that IgE may protect or block CD23 from schistosome-
mediated cleavage.

Although schistosome antigens reduced levels of CD23 on IL-4-treated B cells at time
points earlier than 18 hours in culture, surface expression of CD23 began to recover over
time and was elevated above untreated cells by 48 hours (Fig. 1G) with a parallel
accumulation in sCD23 (not shown). This observation was evident in mixed cell cultures,
including PBMC and splenic- and tonsil- MC, and is consistent with parasitic worms
inducing Th2 cytokines, which increase CD23 expression (37).
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3.2 Generation of a 15kDa sCD23 fragment

Host-derived proteases generate sCD23 fragments that are heterogeneous in size and
function (20, 38). In contrast to what is observed in human serum (Fig 2A; left), purified B
cell- or mixed mononuclear cell- culture supernatants contained primarily 50-70 kDa sCD23
polypeptides, which are likely dimers of the lectin head and stalk (Fig. 2A; middle.)
Supernatants from Ramos B cells, however, contained multiple fragments of CD23, the
presence of which varied between batches of cells (Fig. 2A; rightmost).

In supernatants from primary B cells treated with schistosomes, we detected the
accumulation of a small fragment of sSCD23, approximately 15 kDa (Fig. 2A; middle),
which is slightly smaller than the naturally found fragment of 17 kDa observed in serum
(Fig. 2A; left). We also noted an increase in the 50-70kDa sCD23 in schistosome-treated
supernatants (Fig. 2A; middle), although our previous results indicate that schistosomes do
not increase MRNA of inducible CD23 (18). Both the 17- and 15kDa sCD23 fragments were
identified in serum from individuals infected with schistosomes (Fig. 2B). Furthermore, a
higher concentration of the 15 kDa sCD23 was found in serum from schistosome-infected
subjects compared to serum from uninfected subjects of which small amounts of 15 kDa
sCD23 were noted (Fig. 2C).

3.3 Schistosome-generated (SG)-sCD23 inhibits IgE from binding to cells

The commercially available anti-CD23 antibody (clone 138628; R&D Systems) utilized in
the Western blot (Fig. 2A) recognizes the lectin head portion of the molecule. This suggested
that the schistosome-generated (SG)-sCD23 fragment contained the IgE-binding portion of
the molecule. Indeed, schistosome-treated cell supernatants reduced the ability of exogenous
IgE to bind IgE-receptor positive cells (Fig. 3A) compared to supernatants from untreated
cells (Fig. 3B; which contain primarily 50-70 kDa sCD23 polypeptide fragments; see Fig.
2A middle.) These results suggest that SG-sCD23 retains the ability to bind IgE and may be
more potent in capturing IgE than the 50-70 kDa native soluble fragments, despite the
apparent low concentration of the 15 kDa SG-sCD23 present.

3.4 SG-sCD23 does not bind CD21

Full length CD23 (both cell-associated and soluble) contains a C-terminal tail on the
globular lectin head, which binds CD21 (20). Dust mite cysteine protease, Derp-1, cleaves
CD23 to release a 16 kDa fragment that contains the lectin head and 10 (out of ~39) amino
acids of the CD21-binding tail and retains the ability to bind both IgE and CD21 (39). We
thus predicted that the 15 kDa SG-sCD23 fragment contained a smaller, non-functional
portion of the CD21-binding tail. Figure 3C indicates that, whereas native 17 kDa sCD23
from untreated Ramos B cells bound exogenous CD21, the 15kDa sCD23 from cells treated
with SWAP and SEA had reduced binding.

Based on the size of the SG-sCD23 fragment and the lack of co-localization with sCD21, we
hypothesized that the majority of the CD21 C-terminal tail was removed or degraded in SG-
sCD23 and that the IgE binding lectin head was intact with the ability to fold properly, but
not homo-trimerize.
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3.5 Leupeptin inhibits generation of SG-sCD23

CD23 is cleaved by a variety of host proteases, such as the metalloproteinase, ADAM10. In
addition, cysteine proteases from dust mites and Leishmania spp. have been shown to
generate sSCD23 fragments (40-42). Schistosomes use a plethora of proteases during
parasitism, including cysteine proteases, elastases, calpain, thioredoxin and peroxidases,
some of which cleave IgE (43-46). To determine if a schistosomal protease might cleave
CD23, we incubated purified, IL-4-treated B cells with schistosome antigens in the presence
of inhibitors to classes of proteases previously shown to cleave CD23 (24, 39, 42). Our
results demonstrate that, whereas inhibitors of cathepsin L and capthesin B did not change
the level of SCD23 generated in the presence of schistosome antigens, leupeptin inhibited the
accumulation of total SCD23 in cell supernatants (Fig. 4A&B). Figure 4C reveals a
reduction in the release of SG-sCD23 in the presence of leupeptin suggesting that a
schistosomal calpain-like protease cleaves CD23.

Calpains are calcium-activated neutral proteases with broad endopeptidase specificity.
Schistosomal calpain, or Sm-p80, is a neutral protease shown to be present in the gut of
adult worms (47). Leupeptin has broad protease specificity and may also inhibit cathepsin B;
thus we tested the effect that Sm-p80 might have in CD23 cleavage. Figure 4D demonstrates
a reduction in the accumulation of SG- sCD23 in the presence of hyper-immune mouse anti-
Sm-p80, further suggesting that schistosomal calpain plays a role in the production of SG-
sCD23.

3.6 Host immunity to calpain/Sm-p80

Calpain/Sm-p80 is detectable in the serum of individuals infected with schistosomes
indicating that the protease is systemic during infection at relatively high concentrations
(Fig. 5A). Both somatic antigens and E/S of schistosomula contain high levels of
calpain/Sm-p80 implying a role in parasitism (Fig. 5B). Sm-p80 is a vaccine candidate for
schistosomiasis under development for Phase | clinical trials (33, 47-50). Figure 5C
demonstrates that increased levels of anti-Sm-p80 1gG are associated with a history of
resistance to reinfection with Schistosoma mansoniin occupationally-exposed car washers
in Kenya. Interestingly, we found a positive correlation between increased levels of anti-
calpain 1gG and surface levels of CD23 on B cells ex vivo suggesting that immunity to
calpain/Sm-p80 may help to reduce /n vivo changes in CD23 (Fig. 5D).

Nevertheless, it should be noted that anti-Sm-p80 antibody levels were positively associated
with total levels of sSCD23 (Fig. 5E). We previously reported that total levels of serum
sCD23 were correlated with resistance to schistosomiasis in HIV-negative hyper-exposed
individuals (51). Based on the multiple effects of SCD23 on immunity, larger fragments of
sCD23 most likely have protective roles in schistosomiasis, particularly the 25-29kDa
fragments which can increase IgE (25). To better clarify the role of heterogeneous soluble
fragments in schistosomiasis, we evaluated the relationship between the concentration of
25-29 kDa and 15 KDa sCD23 serum fragments and found that an increased ratio of the 25—
29 kDa to the 15 kDa fragment (see Fig. 2A; rightmost and Fig. 2B) was associated with
higher levels of resistance to reinfection (Fig. 5F).
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3.7 SG-sCD23 as an allergy preventative

Parasitic worm infection is associated with a low incidence of allergic disease despite the
presence of increased IgE and cellular mediators in the bloodstream (52). Nevertheless,
reduction of systemic IgE is a goal for several therapeutics aimed at controlling allergy (34,
53). We hypothesized that SG-sCD23 would represent an ideal mechanism to regulate IgE in
allergy in a more natural manner to mimic the potential beneficial effects of parasite
infection. Based on its size and functional characteristics, we expressed amino acids 156—
292 of CD23 in £. colito produce a fragment containing the lectin head with a reduction in
the C-terminal tail (rSG-sCD23; Fig. 6A). Existing data strongly suggest that this £. colF
expressed fragment will fold properly and bind IgE (25). We demonstrate that rSG-sCD23
reduced the ability of exogenous IgE to bind to both CD23+ and FceRI+ cells (Fig. 6 B&C).

Because monomers of CD23 have been shown to have low affinity for IgE, we aimed to
increase IgE-binding ability of rSG-sCD23 without the requirement of the trimeric form,
which increases IgE production (54). Calcium augments the binding of IgE to CD23, which
bears significant sequence similarity to other calcium binding lectins, such as the human
asialoglycoprotein receptor, mannose-binding protein (MBP), and DC-SIGN (55, 56). The
best characterized of these proteins, MBP, is known to chelate calcium using 8 atoms to
form a square pyramidal chelation structure (56). In contrast, CD23 appears to bind calcium
using only 7 atoms. Because regions associated with calcium chelation are also associated
with IgE binding (57), we posited that stabilizing this region on CD23 would increase
binding to IgE. To promote the stability of calcium binding, we mutated residue 258 (an
aspartic acid) to a glutamic acid on SG-sCD23 (SG-sCD23-A/G) changing the heptavalent
calcium chelation site on the lectin head to an octavalent site.

The presence of rSG-sCD23-A/G in IgE-binding assays reduced the level of detectable
surface IgE on cells (Fig. 6B & C). The reduction was greater than native rSG-sCD23 and
similar to levels noted with Xolair®, a monoclonal antibody used to reduce IgE in severe
asthma (Fig. 6C)(11).

The same blocking ability was demonstrated when rSG-sCD23-A/G was expressed as a
fusion protein with 1gG4 Fc (rSG-sCD23-A/G-1gG4; Fig. 6D & E.) The 1gG4 Fc fusion
increases the half-life of protein-based biologics (58), but binds Fc receptors poorly /in vive.

3.8 SG-sCD23-A/G prevents allergy in vivo

We next tested the ability of rSG-sCD23-A/G and rSG-sCD23-A/G-1gG4 to prevent acute
allergic responses /n vivoin FceRI a chain transgenic mice (Fig. 7A) using a protocol that
mimicked the increase in IgE following allergen exposure (Fig. 7B & C.) This protocol
induces an acute allergic response in mice characterized by histamine release and intense
scratching that lasts approximately 20 minutes. We demonstrate that rSG-sCD23-A/G and
rSG-sCD23-A/G-1gG4 reduce allergic reactions /n vivo as measured by allergic score and
histamine levels, similar to levels reduced by Xolair (Fig. 7E). In addition, rSG-sCD23-A/G-
1gG4 fusion protein was able to reduce the effect of the bolus IgE injection for at least 48
hours (Fig. 7F).
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Finally, because schistosomes are intravascular parasites that appear to cause chronic Th2-
responses, we tested the influence of SG-sCD23-A/G on circulating basophil IgE-mediated
activation. We show that SG-sCD23-A/G inhibited IgE-mediated histamine release (Fig. 7G)
suggesting that schistosomes may reduce intravascular IgE-mediated degranulation of
basophils through SG-sCD23.

4.0 Discussion

It is remains unknown why people infected with parasitic worms do not display frank
allergic responses to, for example, local pollen, despite the exceedingly increased immune
components that cause allergy. Observations of intense eosinophilia or elevated IgE levels
noted in humans with helminthiasis are in conflict with current hypotheses that worm
infection may play a role in reducing allergic responses through IL-10 or T regulatory cells
(59). We present a possible additional mechanism by which trematodes regulate protective
IgE-mediated responses, namely by cleaving a cell-associated IgE-receptor, CD23, and
releasing an IgE decoy receptor that inhibits IgE from binding to target cells. In addition,
SG-sCD23 may be inhibitory to cell-bound IgE-mediated basophil degranulation. Others
have shown that sSCD23 and FceRI a bind to different regions of IgE hypothesizing that this
shields the host from sCD23-mediated IgE cross-linking on FceRI+ cells (60, 61). Our
results suggest that SCD23 may in fact actively prevent FceRI-bound IgE from cross-linking.
Bearing in mind that schistosomiasis is a disease caused by intravascular worms, inhibition
of active basophil degranulation may be necessary to prevent excessive allergic-like
responses in the bloodstream. Interestingly, suppression of basophil function may be vital
during PZQ treatment, which induces a massive allergic-like response upon the death of
adult worms, with relatively few clinical symptoms (8, 62).

Small sCD23 monomers have also been shown to directly reduce IgE secretion by BCRe+
memory B cells and decrease pro-inflammatory cytokine secretion by macrophages
suggesting multiple anti-inflammatory and perhaps immuno-regulatory mechanisms of SG-
sCD23 (25, 63). SG-sCD23 likely further dampens inflammatory responses during infection
due to the reduction of the CD21-binding tail. In contrast, Derp-1, which cleaves CD23 to
release a 16/17 kDa fragment, is an immunodominant antigen for the stimulation of specific
IgE in allergic responses to dust mites. We detected only small amounts of anti-calpain IgE
in schistosomiasis suggesting that Derp-1 and schistosomal calpain induce host-parasite
interactions that affect IgE regulation differently.

Although increased absolute levels of serum sCD23 correlate with a history of protection
against reinfection (51), we report here that a higher ratio of the 15kDa fragment to the 25—
29 kDa is associated with reduced protection. Thus, competition for binding sites between
the different sized sCD23 isoforms may influence protective immunity or allergy pathways.
By targeting CD23, as well as downstream pathways involving CD21, schistosomes may use
a multi—pronged attack on IgE-mediated protective responses in addition to those directly
cleaving IgE molecules (46).

The molecular mechanism by which schistosomes cleave CD23 remains to be defined.
Derp-1, which is a cysteine protease, cleaves CD23 at two sites (Ser155-Ser156 and
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Glu298-Ser299) to produce a fragment (der-sCD23) containing the lectin domain and part of
the C-terminal tail (amino acids 156-298) (40). This 16/17-kDa fragment contains the
minimum structural requirement for binding to both IgE and CD21, but lacks the leucine
zipper portion and cannot oligomerize (39). SG-sCD23 appears to be similar to der-sCD23
and another described sCD23 fragment, but differs slightly in molecular weight and does not
bind CD21 (64). As the generation of 25- and 16/17- kDa sCD23 fragments is thought to
occur from cleavage of the larger, soluble fragments from both microbial- and host-
proteases, SG-sCD23 may be cleaved from larger, soluble fragments. However, our
observations that cell surface levels of CD23 were reduced in the presence of schistosomes
and protected by bound IgE indicate a more complex host-parasite interaction. The precise
cleavage sites will be determined in future studies.

Our results support a recent publication demonstrating that total levels of sSCD23 were
associated with reduced atopy in schistosome-infected individuals, though the report did not
distinguish between the different SCD23 fragments or the level of immunity to
schistosomiasis (65). Based on its functional characteristics, we hypothesized that SG-
sCD23 would be ideal for inhibiting IgE-mediated responses in atopic patients. Our allergy
drug was expressed using the amino acid sequence 156-292 of CD23, which includes the
IgE-binding lectin head and sufficient residues for folding, but is devoid of those required
for CD21 interaction (25). Because previous iterations of SCD23 as an allergy treatment
required trimerization for increased efficacy, we sought to improve the efficacy of the rSG-
sCD23-based drug by introducing a mutation at position Asp258, changing the aspartic acid
to a glutamic acid (rSG-sCD23-A/G). This mutation allows the sCD23 fragment to carry an
additional carboxyl group, thereby altering the heptavalent calcium chelation site to an
octavalent chelation site, which we predicted would stabilize calcium and thus IgE binding.
Published reports indicate that position Asp258 on CD23 is indeed critical for IgE-binding
(61). rSG-sCD23-A/G was demonstrated to have an increased efficacy in inhibiting IgE from
binding to its target cells. Furthermore, SG-sCD23-A/G - 1gG4 fusion protein was equally
effective in preventing allergy /n vivo, which opens the door for a variety of treatment
regimens and allergic conditions treatable with our drug.

In conclusion, schistosomes appear to target CD23 in immuno-evasive tactics that could be
exploited for effective allergy treatments. From a schistosomiasis disease perspective, our
findings suggest that all three mammalian life stages (schistosomula, adult, egg) result in
SG-CD23. Because eggs are not killed by PZQ treatment, residual tissue eggs might
continue to modulate CD23- mediated immunity even after successful worm clearance,
further confirming the need for a vaccine to reduce the accumulation of eggs in the human
host. Although published results indicate high levels of anti-Sm-p80 1gG develop during
resistance, we must reconcile how a vaccine against calpain/Smp80, would affect systemic
allergic responses, the potential role in immuno-regulatory pathways observed by others, and
the risk associated with PZQ treatment with a higher number of samples from infected and
uninfected subjects.
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1. Schistosoma mansoni appears to cleave CD23 to release a 15 kDa soluble (5)

2. SG-sCD23 can prevent IgE from binding to its receptors and prevent acute

3. A point mutation in the IgE-binding head, D258E, increased efficacy of SG-

4, SG-sCD23 may be an effective allergy treatment

5. Immunity to calpain may inhibit CD23 cleavage and improve protection

Highlights

CD23 fragment (SG-sCD23)

allergy

sCD23

against schistosomiasis

Exp Parasitol. Author manuscript; available in PMC 2018 April 13.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Griffith et al.

A

Page 20

@)

Media IL-4

5 450+
= 1 4.1% B 49.6% o wolW _ —
e ) E » 3501 S
D) 030 i ‘&M 0 g ¥ \
= 0.25 o oo n \
™ 0.20 10° 10" 107 10° 10°* 10° 10" 107 10° 10* ™M O 250+ \
8 0.15- S g 2004 %
% i IL-4 + SWAP IL-4 + SEA O ¢ 1504 %
o) . w1004 N
o S : » 24.3% 34.8% = 504 N
& \\’D‘QAV?@‘??OO"‘Q@VQ@V? o i f 0- r—r—5
e&@(b 6& @&\,Qxegx% m Ui M b\(b?g@ S{b
@ \\; ob‘ Ob‘ 10° 10" 107 10° 10° 10° 10" 107 107 10° ®®6$ %O'&
S g
o wY CcD23 @
M $
A\
D 0.454 E F . * G - *
€ oal 8 I— 700 1
g o 1 5 S 6004
g’: 0.304 @ Q2 200 D o s
0 g-zz‘ % 0 8 ()] 8 4004
o 0-15: (@ 9 D o0 ©Cm 30
o) % L 200-
¢ 0.10- =
@ 0051 o 100-.
0.00- 0 N Al
< < & < ;
WO O SRS SN SEIAN XA NP
o (P PO o
e D I N (& W
< N D NG \,b@
TN A\ .
Wed o 5§
° N
) )

Figure 1. Schistosomes reduce surface CD23 from IL-4 treated cells
A. Crude schistosome antigens from adult worms (SWAP; 2 ug/million cells) increase the

level of soluble (s) CD23 in cell-free supernatants from IL-4 (10 ng/ml)- or anti-CD40 (2 pg/
ml)- treated tonsil B cells; 5 separate experiments; */<0.05 compared to media alone; 18
hour culture. B. SEA (soluble egg antigen; 2 pg/million cells) and SWAP reduce the surface
level of CD23 on IL-4-treated tonsil B cells (representative of 5 separate experiments.) C.
Mean fluorescence intensity (MFI) of CD23 is reduced on IL-4-treated tonsil mononuclear
cells (MC) within 45 minutes of treatment with SEA, SWAP or live schistosomula (somula).
500,000 cells were cultured with five mechanically-transformed schistosomula. D.
Incubation of IL-4-treated splenic MC with live schistosomula or E/S from schistosomula (5
pg/million cells) increases measurable sCD23. 18 hour culture; n=4; *£<0.05 compared to
media alone. E. Levels of CD21 on B cells are not affected by schistosomes; splenic
macrophages. F. Reduction of CD23 by schistosomes is inhibited by the presence of CD23-
bound IgE; n=4; £<0.05. G. Levels of surface CD23 rise following a 48 hour culture in
mixed cell cultures of tonsil MC; n=4; */<0.05 compared to media and SEA alone.
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o *P=0.0013

sCD23
i

Relative intensity of 15 kDa

Figure 2. A small 15 kDa sCD23 fragment is increased in the presence of schistosomes
A. Western blot of serum demonstrating the array of measureable sCD23 polypeptides (left

panel). Supernatants from IL-4-treated B cells treated with SEA (18 hours; middle panel). A
small 15kDa sCD23 fragment was increased in the presence of SEA. Supernatants from
Ramos B cells contain multiple sCD23 fragments (right panel). B. Doublet of 17- and 15-
kDa sCD23 fragments in the serum of subjects with schistosomiasis; 15% acrylamide gel. C.
Subjects with schistosomiasis (n=23) have a higher concentration of the 15 kDa sCD23
fragment in serum compared to uninfected (n=16); 2= 0.0013.
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Figure 3. SG-sCD23 is an IgE decoy receptor
A. IL-10 induced FceRI a chain expression on THP-1 cells (10 ng/million cells); gray fill:

isotype control; black line: anti-FceRlI. B. IgE is inhibited from binding to THP-1 cells in the
presence of schistosome-treated cell-free supernatants (thick black line) compared to
untreated supernatants (thick gray line). Recombinant SG-sCD23 also inhibits exogenous
IgE from binding to THP-1 cells (thin black line; gray fill: isotype control). C. SG-sCD23
does not appear to bind CD21. Ramos B cells were treated with SEA or SWAP for 18 hrs.
Supernatants were incubated with sCD21 polypeptide at 4°C for 2 hours and probed with
anti-CD21 in Western blot (shown). Blots were stripped and re-probed with anti-CD23 and
sCD23 molecular weight patterns are indicated by blot labels.
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Figure 4. Schistosomal calpain-like protease generates SG-sCD23
A. Leupeptin (5pg/ml) inhibits SEA-mediated reduction of surface CD23 on tonsil MC (18

hr culture). Shown are CD23 levels on monocytes. B. Leupeptin inhibits live schistosomula
from reducing surface CD23 on purified tonsil B cells (representative of 5 separate
experiments; 18 hr culture; *~<0.05 compared to no treatment). C. Leupeptin inhibits the
generation of SG-sCD23 from tonsil B cells; 18 hr culture. D. High titer polyclonal anti-Sm-
p80 from immunized mice inhibits the generation of SG-sCD23 from PBMC (18 hr culture;
n=6 blood samples; *P<0.01 compared to no treatment). Plot depicts densitometry from
Western blot probed with anti-CD23.
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Figure 5. Immunity to schistosomal calpain correlates with resistance and higher surface levels
of CD23

A. Schistosomal calpain can be detected in the bloodstream of subjects with schistosomiasis
(middle panel). B. Calpain can be detected in E/S products (left panel) and in somatic
antigens from mechanically-processed schistosomula (right panel). Higher MW calpain in
E/S may be due to aggregation of calpain with host or parasite-derived proteins. rSm-p80 is
shown in leftmost panel. C. Anti-calpain 1gG levels in serum from Kenyan car washers
positively correlate with the level of resistance over time (n=23; P=0.04; r=-0.423). D. Anti-
calpain IgG levels correlate with the percentage of CD23+ B cells in blood. CD23+ B cells
were evaluated in fresh, unprocessed whole blood samples (n=8; £=0.09; r=0.629). E. Anti-
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calpain 1gG levels positively correlate with total levels of sSCD23 measured in serum (n=14;
P=0.04); r=0.545). F. The ratio of 25-29 kDa sCD23 to 15 kDa sCD23 levels is higher in
patients resistant to reinfection with schistosomes (n=13; 95% CI=3.5 to 6.7) compared to
more susceptible subjects (n=7; CI=0.66 to 4.7; £=0.05)
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Figure 6. Development of an allergy preventative based on SG-sCD23
A. Western blot of recombinant (r) sCD23. Native rSG-sCD23 is shown on the left and rSG-

sCD23-A/G on the right. B. rSG-sCD23-A/G has increased ability to block IgE from
binding to FceRI+ THP-1 cells. Full-length, commercially available rsCD23 is used for
comparison (n=4 separate experiments; £<0.05). C. The effectiveness of rSG-sCD23-A/G is
similar to Omalizumab (Xolair) in preventing IgE from binding to IL-4-treated CD23+ tonsil
MC measured by MFI (C) and percent positive (E); (n=4 tonsils; £<0.05 compared to IgE).
D. rSG-sCD23-A/G expressed as a fusion protein with human IgG4 retained the ability to
prevent IgE from binding to CD23+ tonsil cells (n=4 tonsils; £<0.05 compared to IgE.)
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Figure 7. SG-sCD23-A/G prevents acute allergic responses
A. Splenic leukocytes and peritoneal exudate cells (PEC; B) from mice transgenic for human

FceRI express FceRI a chain. B. Allergy induction protocol. C. Human IgE binds to
peritoneal exudate cells (PEC) from transgenic mice. Mice were given 20 pg of human IgE
and PEC were harvested 18 hours post-injection. D. rSG-sCD23-A/G prevents acute allergic
response in mice. See Methods for scoring strategy. Each bar represents a single mouse.
Representative of 7 experiments. E. rSG-sCD23-A/G and rSG-sCD23-A/G-1gG4 prevent
acute allergic responses in mice as measured by histamine levels in serum. A higher level of
competitive binding indicates a lower serum level of histamine. Mice were necropsied 20
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minutes following anti-IgE injection (n=5 mice per group; representative of two separate
experiments). F. rSG-rsCD23-A/G-1gG4 prevents allergy 48 hours after administration; (n=3
mice per group; representative of 3 separate experiments). G. SG-sCD23-A/G prevents
basophil degranulation upon IgE cross-linking (n=4 blood samples; */<0.05).
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